High-strength Mg-Y-Zn alloy plate was obtained by friction stir processing (FSP) after casting. In this study, the Mg-Y-Zn alloy by FSP showed sufficiently high performance with low cost. As-cast material was held at 723 K for 95 h. It then showed a lamellar structure, which might have resulted from long-range periodic structure. However, this lamellar structure showed very low hardness, as did the as-cast material. Plates cut from heat-treated ingot were processed as single, overlapped double, and multiple pass FSP. After FSP, each processed materials was cut for microscopic measurement and hardness testing. Ultra-fine-grained microstructures are obtainable using the FSP. Micro-Vickers hardness tests for each pass result in the occurrence of strengthening for FSP of Mg-Y-Zn alloy. There was little change in grain size and hardness of prestirred zone by the next pass of stirring.
Introduction
Magnesium (Mg) alloys are the lightest of structural materials. For that reason, numerous studies have been carried out to apply this material for low-energy-consuming and easily recyclable structural components. To date, casting and hot forging have been used to produce magnesium products with grain sizes from the millimeter to micrometer level. Finer microstructure engenders further enhanced mechanical properties such as strength and ductility if processing is done in proper working conditions. Consequently, recent Mg production tends to enlarge the portion of metalworking such as forging, rolling, and extrusion to acquire a refined microstructure.
Recent grain refinement methods are equal-channel angular extrusion (ECAE) 1, 2) or accumulative roll-bonding (ARB) 3) for bulk or plate materials. On the other hand, a novel grain refinement method of friction stir processing (hereafter, FSP), which originates from friction stir welding (hereafter, FSW 4) ), has attracted researchers' attention as a non-shape-changing sheet metalworking method. 5) Because it uses an identical apparatus, FSP is fundamentally identical to FSW. Dynamic recrystallization has been considered as a possible grain refinement mechanism during FSW. 6, 7) Frictional heat generated from the rotating probe weakens the surrounding matrix. The local temperature at the stir zone (SZ) does not reach the melting temperature. Moreover, mechanical stirring results in severe plastic deformation with proceeding probe causes dynamic recovery or recrystallization. Grain refinement by FSP has been reported in Al alloys 5, [8] [9] [10] and in Mg alloys.
11)
Recently, Abe et al. 12) reported very high yield strength of ca. 600 MPa and ca. 6% elongation at room temperature in the rapid-solidified P/M Mg-Y-Zn alloy. This superior strength might arise from ultrafine-grained and long-periodic ordered structure produced by rapid solidification. Although this material attracts materials designers' attention as a highspecific-strength structural material, the actual processing designer requires a more cost-effective method to produce high-strength Mg-Y-Zn alloy. Recently, Lee et al. 13) reported that FSW under various welding conditions on Mg-Y-Zn alloy were carried out and that the homogeneously dispersed strengthening particles in the weld increased hardness to a level that is higher than that of the base metal. In this work, the authors applied friction stir processing on the as-cast Mg-Y-Zn alloy. The resultant grain refinement considerably enhanced the material's hardness.
Experimental Procedure
Mg-5.5 mass%Y-4.3 mass%Zn was produced by casting in an argon atmosphere (gas pressure ca. 0.15 MPa). The cast ingot's dimensions were 270 Â 210 Â 60 mm 3 . After casting, heat treatment (homogenization) was carried out at 723 K for 95 h. Then it was water-cooled. The chemical composition of the cast Mg-Y-Zn alloy is listed in Table 1 .
The microstructures of the as-cast material, the cast-thenhomogenized one, FSP single pass, FSP double pass and FSP multiple pass were measured using an optical microscope. The samples were ground to a fine mesh and were then etched using picric acid. For the as-homogenized sample and the stir zone (SZ) of the overlapped region in the double pass, TEM microscopic measurements were carried out.
The heat-treated ingot was cut by 120 Â 100 Â 8 mm. Then the surface of these plates were subjected to a FSP with a standard FSW tool with a trapezoidal sectioned probe of 4.5 mm long, 6 mm root diameter and 4.5 mm tip diameter. First, we carried out the single pass of processing on the asheat treated plate, and then examined grain refinement by Hardness tests and tensile elongation-to-failure tests were carried. Micro-Vickers hardness tests were carried out for the as-cast material, the heat-treated one after casting, and the FSP pass of processing. This hardness test might confirm the high-strength Mg-5.5 mass%Y-4.3 mass%Zn after FSP at room temperature. Tensile elongation-to-failure tests, which were carried out at a strain rate of 10 À3 and 10 À3 s À1 at 623 K, showed elevated temperature mechanical properties of post-FSP Mg-5.5 mass%Y-4.3 mass%Zn alloy.
Results
Features on the top surfaces of FSP pass are shown in Figs. 1(a)-(c). Three types of pass of processing are arranged: single pass - Fig. 1(a) ; double pass -2 mm shifted from the former pass, as in Fig. 1(b) ; and multiple pass -a set of 30 pass of processing in both upper and lower sides, as in Fig. 1(c) . Several processing conditions (ranging 100-300 mm/min welding speed, 660-1800 min À1 tool rotation speed) are listed in Table 2 . Transmission X ray inspection revealed the inner flaws. For example, a welding flaw ran as shown in the right hand pass of Fig. 1(a) when the welding condition was far from optimum. From these results, the FSP condition, used in this work was determined as followings; tool rotation: 750 min À1 , tool traveling speed: 100 mm/min and tool loading: 9 kN for both the single and the double pass of processing. The FSP condition used for multiple pass of processing was 660 min À1 , 100 mm/min and 9 kN. Figures 2(a) and (b) show microstructures of the as-cast material and the homogenized heat treated material after casting. Average secondary dendrite arm spacing (DAS) of as-cast and homogenized materials were ca. 72.5 mm and ca. 72.0 mm, respectively. After homogenization at 723 K and 95 h, a lamellar structure, which might correspond to the long period ordered structure, 12) was detected [ Fig. 2 (b) by optical microscope and Fig. 2(c) by TEM]. The microstructure of the overlapped SZ of the double pass was viewed by TEM [ Fig. 2(d) ]. Arrows in Fig. 2(d) indicate the small colonies of lamellar structure of random direction with sub-micrometer size. It is noteworthy that the lamellar structure remained after FSP in SZ, and the grain boundaries were not clear. Although it requires more detailed analysis that this submicrometer structure is the reflection of the heat resistant long-period ordered structure, the refined microstructure of this alloy by FSP may have not been fully recrystallized yet. Figure 3(a) shows the section normal to the tool's running direction for a single pass. Figures 3(b) -(e) show serially distributed microstructures from SZ through the boundary of the thermo-mechanically affected zone (TMAZ) and the heat-affected zone (HAZ) to the base material (BM). Coarse dendrite structures are not visible in Fig. 3 (b) and were difficult to view in Fig. 3(c) . The average grain sizes for SZ, HAZ, and BM were under 1 mm, ca. 72.3 mm, and ca. 72.0 mm, respectively. The grain size changed drastically in TMAZ from ca. 72 mm at HAZ side to under 1 mm at SZ side, as shown in Fig. 3(c) . This refinement might result from very severe plastic deformation and, for FSP of Al alloys 5, [8] [9] [10] and conventional Mg alloys, 11) subsequent dynamic recrystallization around the rotating tool and shoulder. Figure 4 shows the section normal to the tool's running direction for the double pass and corresponding locally distributed microstructures. Figure 4(a) shows features of the double-pass section, and Figs. 4(b)-(d) show the local grain distribution around the SZ of the double pass [the first pass's SZ for Fig. 4(b) , the overlapped region of two passes for Fig. 4(c) , and the next pass's SZ for Fig. 4(d) ]. Considerably refined grain size (ca. 1 mm for both SZs of the first pass and the overlapped region) was detected also by the FSP double pass.
Micro-Vickers hardness results are shown in Fig. 5 . Hardness distributions along the horizontal line originating from the tool center showed a gradual increase to the peak, then a decrease to the average hardness of BM. The maximum peak of a single pass was located at the position shifted ca. 1 mm to the advancing side. For the double pass of processing, the maximum hill was located at overlapped region. The average hardness level was 98 AE 10 HV for the single pass, and 113 AE 10 HV for the double pass. The BM's hardness value was about 60 HV for both the as-cast material and the homogenized material.
Multi-pass FSP was carried out for 7.8 mm thick homogenized alloy plate to evaluate the tensile properties of processed material. A set of 30 FSP passes covered the both upper and lower surface of 100 mm Â 60 mm area using tool with 4.5 mm probe length and 4 mm probe tip diameter. Each pass's gap was 2 mm, and the tool rotation and traveling speed was 660 min À1 100 mm/min, respectively. In microscopic photographs of the section normal to processing direction shown in Figs. 6(a)-(c) , remarkable microstructure refinement can be seen after the FSP. The average size of lamellar colonies was refined to ca. 1 mm from the cast-then-homogenized material with ca. 72 mm in DAS. Micro-Vickers hardness tests were carried out along the 
Discussion
It is apparent that considerable microstructure refinement occurred during FSP, as shown in Figs. 3(b) - ( Figure 4(c) shows that, for the double pass FSP, the overlapped SZ was more refined than for the single pass. It is noteworthy that although the second pass ran by the former pass by a distance of 3 mm, little or no heat effect occurred on the microstructure of the overlapped prior pass. The hardness distributions [ Fig. 5(b) ] along the central line [dotted line in Fig. 4(a) ] indicate that the maximum peak existed at the overlapped region, then the next peaks at SZ, subsequently decreasing to the average hardness level of BM.
In Fig. 5(a) , the shifted position of the maximum hardness peak of the single pass is explainable by inhomogeneous metal flow or thermal distributions around the tool. This inhomogeneity between the advancing and retreating side might correspond to the intrinsic phenomena reported as the temperature distribution 14) and metal flow of the tracers.
15)
Figure 5(b) shows this inhomogeneity decreased by FSP. However, the maximum peak position's relationship to FSP is unclear.
Tensile results, which showed considerable differences in strength and ductility for different strain rates, indicated that a change of deformation mechanisms existed in tensile tests. Abe et al. 12) reported superplasticity of ultrafine-grained (ca. 0.2 mm) RS/PM Mg-Y-Zn alloy at a strain rate of 10 À2 -10 0 s À1 at 623 K. In this work, the microstructure size after FSP was ca. 1 mm. In reports for deformation mechanisms of Mg alloys, 16, 17) grain boundary diffusion was the dominant deformation mechanism for fine-grained Mg alloys and expanded to higher stress levels with finer grain size. Therefore, superplastic deformation might function to a great extent at a comparatively low strain rate. The deformation mechanism in this material is under investigation. 18) The multi-pass FSP specimen showed the hardness of 120 HV, which is higher than conventional Al 5083-T6 alloy (ca. 95 HV), and lower than Al7075-T6 alloy (ca. 170 HV). The Mg-Y-Zn alloy can compete with hardness of Al7075-T6 because the specific strength increases when the density is considered. The strengthening of Mg-Y-Zn alloy by FSP requires more comprehensive study as a reliable process, before its application. More detailed deformation mechanisms at elevated temperatures and microstructural analyses are being examined.
Summary
Ultra-fine-grained Mg-Y-Zn alloy was obtained directly using FSP after casting-then-homogenizing. This technique can be developed as a low-cost method to produce highstrength Mg-Y-Zn alloy. After homogenization, a lamellar structure formed and remained in the ultrafine grains after FSP of severe plastic deformation. After FSP, the overlapped pass has little grain coarsening from the thermal effect by the running neighbor pass. The overlapped area (doubly stirred zone) showed higher hardness than did the single pass. This ultrafine-grained microstructure gives high-strength at room temperature along with twice the hardness.
